Problems in advanced commercial aircraft pilot-flight management system (FMS) interaction through multifunction control display units (MCDUs) have been widely reported. Because this interaction plays an important role in ensuring aircraft safety, the MCDU should be designed to provide intuitive interfaces for ease of learning and use and to support pilot task performance in every aspect possible. Because of the increased complexity of computer-based systems, direct manipulation (DM) and graphical user interfaces (GUIs) have been proposed as vehicles to facilitate userfriendly interface design for improved usability of computer-based systems. This article takes a systematic approach toward the usability analysis of MCDU design; specifically it considers the application of foundational usability principles to aviation automation. The properties and advantages of DM and GUI design are reviewed from the perspective of MCDU design. In addition, discussion is provided on a usability inspection conducted on the MCDU interface design by human factors professionals. After this, general human-computer interaction design guidelines and recommendations on aspects of DM and GUIs relevant to the interface of the MCDU are formulated on the basis of previous empirical or analytical studies. The implications of specific usability design principles on the MCDU design, as suggested in the literature and by the usability judges, are also discussed in the constrained context of
One of the biggest challenges for a pilot of an advanced "glass" cockpit is to thoroughly understand and successfully interact with the core system of cockpit automation-the onboard flight management system (FMS) through a multifunction control display unit (MCDU). The term glass cockpit refers to the appearance of the flight deck of advanced commercial aircraft, including the Boeing (B) 757/767 and the Airbus (A) 310/320, specifically, the electronic display units (EDUs) on the flight deck. Glass cockpits are also characterized by few critical system indicators on the main cockpit instrument panel, the integration of some electromechanical instruments, and digital microprocessors for flight control information. According to Billings (1997) , glass cockpits are flexible and the EDUs can be used to deliver many types of information to pilots and allow them to modify it as needed. This interaction of the pilot and cockpit automation is critical to the execution of piloting tasks, such as flight control, navigation, and communication. Sarter (1991) conducted a survey concerning pilot-FMS interaction in an advanced glass cockpit and found that the majority of pilots (67%) are still surprised by the FMS and some pilots (45%) do not completely understand the operations and functionality of the FMS. Fewer surprises and improved system understanding or familiarity only occur after 1,200 hr of flight experience. These pilot surprises (e.g., unperceived changes in modes of operation of the flight system) have been labeled automation surprises and have been widely reported by many pilots of advanced commercial aircraft, including not only pilots who transition from traditional aircraft (without an FMS) to highly automated advanced cockpits, but also pilots who have been operating in the glass cockpit environment for quite some time (Sarter & Woods, 1995) .
The MCDU of advanced commercial aircraft includes a visual display terminal (VDT) and keypad. The VDT presents flight plan data and visual interface controls for programming lateral and vertical flight paths, among other functions. The keypad includes an alphabetic keyboard and numerical pad, which are used to identify flight waypoints and input headings, altitudes, airspeed, and so forth. The VDT is either a monochromatic or color liquid crystal display. Early MCDU designs, such as those used in the B737, B757, and A310 incorporate monochrome displays, whereas the B777 MCDU is the first aircraft to use a color screen in its FMS. The early Honeywell FMS MCDU design also included line select keys (LSKs) on each side of the VDT and 15 mode select keys to provide access to different display pages. Newer MCDUs provide advanced mode and function select keys for handling engine failures and allowing access to flight plans (Billings, 1997) .
Data entered into the FMS via the MCDU first appear on a virtual "scratch pad" line on the VDT, and an LSK adjacent to the display line must then be used to transfer the data to flight management computers (Billings, 1997) . Newer MCDUs provide cursor control to select flight information lists, navigate menus, and interact with data transmission functions presented on EDUs. Billings (1997) commented that this may be the most obvious innovation in the contemporary glass cockpit of the B777. The MCDU is typically positioned in a center console of the aircraft cockpit between the pilot and co-pilot (see Figure 1) . It is primarily used to preprogram an entire flight from takeoff, through en route, and to landing. Consequently, effective pilot interaction with the MCDU in programming flight plans plays an important role in ensuring aircraft safety.
With this in mind, the MCDU should be designed to provide intuitive interfaces for ease of learning and ease of use, as well as to support pilot task performance in every aspect possible. However, the complexity of the FMS has made it very difficult for the pilot to learn the system functionality and to develop an accurate mental model of the system. The poor interface design of the MCDU has violated the design principles of usability and resulted in significant cognitive demands for pilots to interact with the onboard computer in flight task performance. For example, early MCDUs included 50 different display pages arranged in an extremely complex tree architecture. The need to use multiple LSKs for data input across display pages does not allow for a common, consistent interface with the FMS. As a result, flight path programming with the MCDU becomes a complicated task that negatively affects pilot-FMS interaction. As another example, for a pilot to revise a single waypoint as part of a flight path to avoid traffic or execute an approach revision, at least three displays must be viewed, previously programmed points must be deleted from the flight plan, data on a new waypoint must be entered and it must be distinguished from other waypoints, and the plan revision must be submitted to the FMS. This all must occur while the pilot and co-pilot monitor the correct flight parameters of the aircraft. This is critical because in some aircraft the in-flight reprogramming of the MCDU disables altitude and vertical flight path control (e.g., B757). This feature of the MCDU was found to contribute to the crash of an American Airlines (AA) B757 in Cali, Columbia in 1995 (Endsley & Strauch, 1997) . The deletion of waypoints in a preprogrammed flight path caused vertical path controls to be disabled.
According to Sarter (1991) , the most frequently reported problems in pilot-FMS interaction include the following: (a) difficulty in visualizing the intended vertical path computed by the FMS, which reduces pilot ability to interpret system activities and predict any violations; (b) difficulty in communicating intentions to the FMS as the required data entry formats are vague because of a lack of consistency in the MCDU interfaces; (c) difficulty in tracking mode transitions or assessing past, current, and future system status and behavior because of poor interface design and lack of feedback; (d) difficulty in finding all relevant data and being aware of all available functionality or options supported by the FMS because of opaque interfaces and confusing MCDU page architecture; and (e) decreased proficiency in operating infrequently used FMS modes or features because of the lack of intuitive MCDU interfaces.
Two of the most significant developments during the 1980s in the domain of human-computer interaction (HCI), direct manipulation (DM) and graphical user interfaces (GUIs), have been introduced and proposed, hand in hand, as vehicles to user-friendly interface design aimed at promoting ease of use and improving user task performance. The growing awareness of the necessity to improve the design of human-computer interfaces is attributable to the increased complexity of computer-based systems such as the FMS (cf. Mann & Morrison, 1986) . Although DM and GUIs are two of the more common HCI styles (Dix, Finlay, Abowd, & Beale, 1998) , there is evidence in the glass cockpits of advanced commercial aircraft, such as the McDonnell (MD) 11, that they have not been exploited in system interface design. The investigation of HCI styles has mainly focused on application domains of the office system, such as text and graphics editing (Ziegler & Fahnrich, 1988) . The absence of the application of usability principles and paradigms in the glass cockpit can be attributed to several issues. First, usability principles (e.g., learnability and flexibility) for desktop applica-tions have developed at approximately the same times as MCDU designs. According to Billings (1997) , the first glass cockpit designs were formulated during the early 1970s. Similarly, the first personal computer was introduced in 1975 and considerations of usability began with GUIs (Dix et al., 1998) for desktop applications in the early 1980s (e.g., Xerox 8010 Star Information System operating system). These interfaces incorporated windows, icons, menus, and pointers (WIMP interfaces) and were the first to use a desktop metaphor. In 1982 an early MCDU design was formulated for the B757, and in 1989 an MCDU appeared in the A320 (Billings, 1997) . In 1984, Apple Computer, Inc. made a hallmark contribution to GUI design and usability paradigms with the introduction of the Macintosh operating system (Dix et al., 1998) . Late MCDU designs were formulated at the beginning of the 1990s and appeared in the MD-11 in 1991 and in the B777 in 1995 (Billings, 1997) . Contemporary usability paradigms were also introduced in the early 1990s with the advent of World Wide Web browsers in 1991. Consequently, it is possible that MCDU designs have been able to draw few contemporary usability principles from HCI research because of the timing of results. Second, it is often difficult to translate usability principles used in one system design to benefits in other designs. Furthermore, abstract usability principles are often difficult to understand unless they are included in some type of HCI design framework (Dix et al., 1998) . Therefore, problems in converting usability principles for desktop applications into the language of MCDU design may explain poor MCDU user-friendliness. Finally, a history of usability paradigms (Dix et al., 1998) shows that HCI design methods intended to address usability issues have been difficult to create even for generic desktop applications, let alone complex information system interfaces to be used in highly specialized working environments such as the commercial aircraft glass cockpit. This issue may have also contributed to a lack of consideration of usability in MCDU design. In general, the usability issues found in MCDUs are not unlike usability issues associated with desktop applications. On the basis of Sarter's (1991) work, it can be observed that key issues include a lack of consistency and transparency to MCDU interfaces, poor feedback, and a lack of intuitive features.
Assessment of pilot-FMS interaction styles and of the DM and GUI concepts need to be explored in the interface design of the MCDU. These concepts may also need to be combined and used to modify existing MCDU interface designs to realize benefits similar to those obtained in office application design. This may be possible, as the pilot-MCDU interface resembles yet another human-computer system.
In the next two sections, a constrained review is provided on DM and GUI design. These usability design principles have been effective for enhancing desktop applications in terms of learnability, robustness, and ease of use (cf. Shneiderman, 1995) . The principles are considered to represent a good starting point for addressing usability issues in MCDU design; however, there are numerous other principles and paradigms documented in the HCI literature (e.g., multimodality interfaces and hypertext) that should ultimately be considered for applicability to aviation automation design with the objective of improving systems usability.
DIRECT MANIPULATION
Direct manipulation (DM) is a collective term introduced by Shneiderman (1982) to refer to a style of HCI for user interfaces showing the properties of continuous object representation, object manipulation with icons and buttons versus complex syntax, and rapid incremental reversible operations with rapid feedback. DM is also recognized as the "principle of virtuality" or "principle of transparency" (Waern, 1989) . At the heart of the DM concept and design practice is the promotion of object-oriented, or graphic, and manual forms of interaction over and above more abstract and linguistic ones to reduce the mental load placed on the human cognitive system. The DM paradigm supports a number of favorable usability attributes, such as (a) ease of learning for novice users about the basic functionality and structure of interaction through imitation; (b) demonstration and experimentation; (c) high interaction efficiency attributable to the capability to define new functions and features; and (d) reduced error rates and decreased user anxiety because of reversibility of actions (Jones, 1989; Ziegler & Fahnrich, 1988) . In addition, adoption of a model-world metaphor leads to user perception that the interface is the system and that a clear distinction between input and output expressions is collapsed (Dix et al., 1998; Ziegler & Fahnrich, 1988) . The aforementioned characteristics are ubiquitous today in a variety of systems ranging from video games, interactive graphics packages, and spreadsheet packages to computer-aided design systems, soft-or virtual-control systems, and certain office systems (Frohlich, 1993; Jones, 1989; Shneiderman, 1987) . Taking Shneiderman's (1982) definition of DM as a starting point, Hutchins, Hollan, and Norman (1986) went on to examine the notion of "directness" and proposed that it was related both to the psychological distance between user goals and physical actions at the interface and to the psychological engagement of one feeling in control of the computer directly rather than through some hidden intermediary. This concept is similar to Shneiderman's (1982) original reference to DM as the "first personness" of interaction, as well as Norman's (1986) concept of a gulf between user psychological intentions and interface actions to be bridged in interactive system design. According to Hutchins et al. (1986) , distance reduction between psychological interaction and interface action in DM is facilitated by, among other actions, minimizing the mental effort of working out what can be done in the system (semantic distance) and how to do it (articulatory distance). Hutchins et al. suggested that a feeling of engagement is encouraged by allowing users to manipulate interface objects physically rather than by instruction or command.
Although DM in system design may serve to minimize cognitive distance to use and maximize engagement, it can be clumsy from the perspective of having to carry out repetitive operations, identify sets of objects, and specify very precise values through manipulation (Hutchins et al., 1986) . Moreover, Hutchins (1989) also claimed that elimination of articulatory (referential) distance might have an adverse implication because some referential distance is necessary to support abstract reference to unseen objects for particular tasks.
GRAPHICAL USER INTERFACES
With the introduction of DM in 1983, GUI design, such as the use of WIMPs, has seen a rapid growth. This is attributable in part to characteristics of the DM paradigm supporting bidirectional communication between users and computers via the physical or action-based manipulation (Riecken, 1991) . Riecken predicted that with the evolution of DM and graphical technologies, interactive graphical interfaces would replace physical control panels across all forms of tools, machines, and appliances. This essentially occurred in the late 1990s with advanced manufacturing technologies being deployed with GUIs for machine programming (machine control units) and GUIs being integrated in household electronics systems, including stereos, VCRs, and so forth. By developing a rich, interactive GUI design for different types of systems to support HCI via DM of multiple graphical objects in parallel, many researchers thought a real direct manipulative initiation of intended application functionality could be provided and interfaces would realize greater use (Manhartsberger, Penz, & Tscheligi, 1991) .
APPROACHES TO MCDU USABILITY DESIGN GUIDELINE FORMULATION
In this section, general HCI design guidelines and recommendations are summarized concerning the aspects of DM and GUIs that are relevant to the interface design of the MCDU. Because GUIs were, in part, an outgrowth of DM, this study is generally systematic from a usability analysis perspective. The guidelines and recommendations are formulated on the basis of previous empirical or analytical studies. Specific usability recommendations are also presented for improving learnability, flexibility, and robustness of the MCDU that are based on a usability inspection conducted by human factors professionals. After this, the implications of specific or detailed design guidelines on MCDU design are provided in the constrained context of FMS operations. The study presented in this article was limited to the scope of the redesign of MCDU interfaces as part of only several "pages" and functions of the unit, including the active flight plan page, lateral-revision page, vertical-revision page, and duplicate (waypoint) page. The active flight plan page of the MCDU presents a summary of the flight parameters (e.g., speed, altitude, distance, and name of waypoints) for a complete flight path, whereas lateral-and verticalrevision pages allow pilot input of lateral flight plan (e.g., waypoints, airway, and holding pattern) and vertical flight parameters (e.g., speed, altitude, and weather data), respectively. Duplicate pages, on the other hand, are used to display all of the waypoints in the FMS database with identical names but dissimilar geographical locations for pilot selection.
This information may vary somewhat across MCDUs developed by different manufacturers (e.g., Honeywell, Smith), FMS software loads developed by a particular manufacturer, and aircraft. Although there are differences in the FMSs of aircraft, the basic design premise of the MCDU is common and fundamental design issues exist across all flight platforms. Furthermore, although classes of MCDUs have been suggested in the literature (i.e., early and late designs), the actual hardware has not changed since 1970, except for very recent modifications in the nomenclature on keys as part of the MCDU keypad of some aircraft. FMS changes over time have primarily involved underlying software revisions for antiquated onboard systems. It is important to note that the age of the MCDU technology has and continues to severely limit the functionality and usability of the FMS, specifically the types of information that can be presented to a pilot through the systems. In this article, rather than attempting to develop design recommendations for a specific MCDU, we identify the fundamental design problems with the MCDU and make suggestions that may have broad utility for the commercial aircraft.
Empirical Studies
Since the introduction of the FMS as an onboard computer system in advanced glass cockpits, there has been little research conducted to evaluate the effect of pilot-FMS interaction style or the impact of interface design afforded by the MCDU on pilot performance. Until the late 1900s, only the impact of different MCDU interface designs on pilot performance and training were assessed in studies of limited scope.
T. S. Abbott (1997) evaluated the effectiveness of two MCDU pilot-FMS interaction concepts to facilitate pilot training. One concept represented the generation of design at the time of the study and served as a generic baseline concept (see Figure 2 ). The other concept was based on multiple windows and DM interaction through GUI design (see Figure 3 ). For the purpose of fair comparison, these two MCDUs had the same physical size, used an equivalent number of pages, maintained the same display terminology, and used the same underlying functionality. However, the graphical MCDU allowed for waypoint editing by touching lines on the MCDU interface pages containing particular waypoints (see Figure 4 ). This action caused a waypoint entry window to be displayed over the existing window of waypoint lines to show all of the available edit options for a particular waypoint, such as lateral and vertical revision flight parameters and estimated time of arrival at the next waypoint along the path.
The participants in T. S. Abbott's experiment were pilots with no prior FMS experience. They were provided with extensive training to perform a series of FMS tasks, including initial flight plan programming, departure and arrival runway change, en route waypoint and holding pattern insertion, and so forth. After training, they were tested and evaluated in terms of task performance efficiency with a fixed-based flight simulator. Initial analysis of performance data by T. S. Abbott (1997) showed better task mapping between the task requirements and the graphical MCDU interface. This was attributed to the graphical unit requiring fewer steps to complete a task because of increased channels for accessing the same FMS functions, thus leading to decreased task completion time and better option selection. The results also indicated marginally better pilot performance (fewer errors) and higher subjective ratings for the graphical MCDU as compared with the baseline MCDU. However, pilot confusion existed in both cases because of a mismatch between the MCDU function-labeling scheme and the tasks the pilots were trying to perform, especially for clearance language by air traffic control and associated FMS operations. The results of this study agree with research on DM through GUI design in other domains (cf. Ballas, Heitmeyer, & Perez, 1992) . In addition, these findings encourage further exploration of interface redesign of the MCDU to support DM through interactive GUIs. Such exploration may lead to discovery of novel MCDU design solutions, which will outperform contemporary designs.
Another empirical investigation of the MCDU interface design was conducted by Reising and Emerson (1988) to compare operator performance when using an interactive display with functions arranged according to control logic and when using the MCDU with functions arranged according to the conventional logic of the FMS. Reising and Emerson's research participants were actual pilots with approximately 2,500 hr of flight experience, on average, involving use of MCDUs. Pilots were familiarized with a simulation of an advanced digital airplane cockpit. They were trained on the operation of a flight management computer, specifically, logic trees (branching or tailored) for each type of experimental task to be completed. They found that the tailored control logic design of the MCDU (i.e., categorization of flight operations into various flight modes or phases of flight, such as takeoff or cruise, and provision of mode keys for pilot selection) produced better pilot performance in comparison with the standard branching control logic design (i.e., categorization of flight operations into various functions, such as communication or navigation, and provision of function keys for pilot selection). This may be attributable, in part, to a more accurate task mapping between the task requirements and the MCDU interface laid out according to modes of flight versus general types of piloting tasks, as indicated in the study conducted by T. S. Abbott (1997) .
The performance improvement in MCDU use observed in both the T. S. Abbott (1997) and Reising and Emerson (1988) studies of implementation of DM and GUIs in the design of the MCDU may be attributable to an important element of DM: semantic directness. According to Ziegler and Fahnrich (1988) , semantic directness is determined by the distance between user intentions and semantic objects and by the operations provided by the system. To achieve semantic directness, the user should be able to communicate his or her intentions to the system in a simple and concise manner at all times. A lack of semantic directness requires performance of a sequence of system operations to accomplish a single intended task, thereby increasing mental effort for task planning and reducing operational efficiency. In comparison with graphical MCDU design, the current interface designs of MCDUs show this deficiency in that a considerable amount of effort is required for the pilot to reprogram a small portion of the flight path with the MCDU because of, for example, an approach revision or runway change. Also, it may take multiple steps for a pilot to edit an original flight plan on the MCDU after clearance or changes made by air traffic control. Specific features that could be incorporated into the MCDU design to make programming easier are discussed later in this article. Mann and Morrison (1986) studied the optimal display format for enhancing the usability of the MCDU, including promoting semantic directness. They found the best format for displaying textual data on interface of the MCDU was a serial (left-to-right) format with the text arranged as discrete objects in rows. As for numerical information, the study revealed superior performance with a tabular arrangement with information labels aligned along the left-hand side of the display. Numerical information was arranged in separate cells of the table as discrete objects. This indicates, for example, that flight plan information on the active flight plan page of the MCDU, such as the name of waypoints and their associated speed, altitude, and distance, should be presented in serial format, whereas radio frequency data for various en-route and terminal air space sectors should be displayed in tabular form. These data formats may be more closely related to the way pilots remember flight information in their mental models.
Studies have also been conducted to evaluate the use of WIMPs in facilitating DM and semantic directness. With respect to interface design of the MCDU, discussion of research on menus and pointing devices is excluded from this article because these GUIs, specifically pointing devices, have only recently been introduced into the commercial flight deck environment (e.g., B777), and they have not been integrated with MCDUs. Unfortunately, there is a paucity of research on these types of GUIs for cockpit use and this has been evidenced by recent requests for proposals from the Federal Aviation Administration (FAA) for research on, for example, mice for the cockpit (K. H. Abbott, 2000) . Gittins (see Ziegler & Fahnrich, 1988 ) studied icon design in DM interfaces and concluded that descriptive and lengthy names are usually needed to distinguish different icons to enhance task performance. For example, if icons were used to represent flight path programming pages available through the MCDU interface, such as the active flight plan page and lateral-and vertical-revision pages, then each icon would need to be associated with a page name that could be easily comprehended by the user (e.g., AFP, LREV, and VREV). Therefore, a graphical object representing a page may have little value if the label itself serves this purpose. Furthermore, display acreage is an extremely rare commodity in the cockpit environment and the use of icons as part of an MCDU GUI may substantially subtract from available space.
In reference to the design of a window display for the MCDU, Bly and Rosenberg (see Ziegler & Fahnrich, 1988 ) conducted a study that indicated nonoverlapping windows as part of a GUI may be preferable if the contents of the windows basically conform to a predefined arrangement of window size and placement (which is the case for the interface of the MCDU because of display space limitations). They also found that nonoverlapping windows are preferred if users do not want to be distracted with managing the windows. This is also the case in commercial pilot use of FMSs. Most flight path programming tasks involve high mental workload, particularly when combined with active flight control. The requirement to manipulate interface windows as part of the MCDU design could significantly increase pilot workload and produce errors or cognitive overload. Considering the manner in which the vari-ous pages available through the MCDU are presented and the potential negative implications of a windows-based interface on pilot workload, future interface and page design of the MCDU (lateral-and vertical-revision pages and duplicate page) should use a design approach directed by Bly and Rosenberg's results. Specifically, MCDUs could incorporate the use of nonoverlapping windows, allowing for the simultaneous presentation of lateral and vertical flight plan information that does not require pilots to manage positioning within the display space.
In designing a DM system for semantic directness, HCI research has shown that interface function keys should preferably be connected with only one function to avoid errors and confusion (Gorner, Vossen, & Ziegler, 1992) . However, Gorner et al. (1992) stated that if function controls must be coupled or a function key has multiple meanings, the actual meanings should be shown to the user by displaying the layout and actual functions on a screen with the use of soft keys. This recommendation can be related to the interface design of the MCDU, in which the LSKs (actual buttons) are confounded with multiple meanings. It may be possible in current MCDU design that these physical interfaces could be replaced with soft keys as part of MCDU displays, labeled with individual functions, and integrated with touch-screen technology. The current state-of-the-art MCDU design does not incorporate such features.
Although research (e.g., Kunkel, Bannert, & Fach, 1995) has proven that explicit function activation reduces error rate, implicit function activation can sometimes be useful. For instance, in redesign of the MCDU, future waypoint entry dialogs could allow a pilot to replace a text identifier for a waypoint by simply typing in the identifier for a revised point and indicating which existing point to replace without explicitly having to invoke a delete function. Waypoint deletion is currently an integrated step in flight-path revision for the purpose of error checking. Therefore, any improved interaction efficiency associated with this design recommendation would need to be gauged against heightened levels of pilot recall in which waypoints in a flight path have been modified with a conventional MCDU interface.
According to Smith et al. (see Ziegler & Fahnrich, 1988) , applications of DM can possibly reduce the number of different interface operations and semantic distance for the user by the use of generic or universal commands for similar operations across different task domains (e.g., functions such as move, copy, and delete in office desktop computing applications). In the context of the MCDU, this design guideline can be applied when switching among flight path programming pages. Because pilots currently do not have to strictly follow the hierarchical order of pages when switching, merely checking the title of pages as they navigate information may cause them to lose track of applicable system functions at different levels in the MCDU. Therefore, consistent commands across pages for navigation and editing could be important to efficient interaction. Also, future DM interfaces could allow for information on many pages to be accessed without switching from one page to another. For instance, the graphical MCDU proposed by T. S. Abbott (1997) allows the pilot to view the lateral and vertical information of a particular waypoint while staying on the active flight plan page and pointing at a specific waypoint on that page. In this design case, because there is no obvious MCDU mode change (indicated by page switching), pilots may not be aware of the functions applicable to different information sources. Here again, command consistency across pages could be beneficial in dealing with a lack of interface mode awareness and a pilot forgetting appropriate function calls for different flight-path programming pages. Shneiderman (1995) depicted DM design as creating a visual representation of the "world of action," including displays of objects and actions of interest for user pointing, zooming, and panning to perform necessary operations. This conceptualization captures the essence of the process of reducing semantic distance in interface design for users. In support of Shneiderman's description of the concept, he provided the Boswash Airlines example to illustrate the DM style of interaction. To aid users in a flight selection process, a computer system with a touch screen was provided to present a form to be filled in. By touching a field under columns headed "From" or "To," a map appeared on the screen showing departure cities. After selecting the departure city, the users were prompted to select the arrival city among possible options. To choose the desired date, an electronic calendar was presented for selection and reference. The results of each selection were displayed on the form allowing continuous visibility of status (immediate feedback) and the opportunity to make changes (errors were reversible). After checking the selection, the Done button was touched for automated processing. This example provides important motivation for redesigning the interface of the MCDU to facilitate DM through GUI design. Specifically, the MCDU should incorporate the capability to provide graphical views (twodimensional maps) of airspace sectors for flight path waypoint selection. Kuperman, Ramsey, and Wilson (see Ballas et al., 1992) found that in-cockpit movingmap displays in which the viewpoint is similar to what would actually be seen by looking outside the aircraft led to improved pilot performance. Currently, graphical information on lateral flight paths of advanced commercial aircraft is presented through cockpit navigation displays.
Summary of MCDU Redesign Literature
The design guidelines and recommendations discussed in the previous section are summarized in Table 1 . These guidelines should be considered in future redesigns of the MCDU to support DM through GUIs. Here, we provide specific examples of how this could be accomplished.
On initialization of the MCDU by a pilot, the active flight plan page should be displayed as the primary interface. A touch screen should be implemented to allow for waypoint entry through this page by the use of an electronic map generated on the basis of departure and arrival information from air traffic control and showing waypoints in a specific airspace sector. The pilot should be able to Connect a function key with only one function to avoid errors and confusion (preferably). For a function key with multiple meanings, the actual meaning should be shown to the user by displaying the layout and actual functions on a screen by the use of soft keys. Function activation Explicit function activation reduces error rate. Implicit function activation can be useful in particular situations (e.g., implicitly invoking a delete function). Command language Use generic/universal commands for similar operations across different aspects of a task (e.g., consistent commands across pages for navigation and editing) to deal with a lack of interface mode awareness.
Graphical views
Provide graphical views (e.g., two-dimensional maps) of airspace sectors for flight path waypoint selection. Provide in-cockpit moving-map displays with the viewpoint similar to what would be seen by looking outside the aircraft.
efficiently formulate a flight plan and select desired waypoints by the use of the map (i.e., aviation charts for flight path planning should be integrated in the MCDU, which should also permit plan selection). Pilots should also be able to navigate through maps by directing the motion of a cursor on the MCDU display (pointing with a finger or by the use of a touch screen) and zooming to specific areas of interest with cursor-defined windows. In this way, typing mistakes can be minimized and use of the duplicate pages as part of the MCDU can be eliminated, thus reducing erroneous waypoint selection while increasing spatial awareness. It is possible that such a map display may also help pilots to better visualize flight paths. Additional examples of implementation of DM design guidelines in the MCDU interface include the following:
1. To ensure flexibility in using the MCDU, textual waypoint entry should also be permitted when elected explicitly by the pilot (e.g., pilot points to and selects an icon representing a text entry dialog). With such an option, touching a waypoint entry field should, for example, call up a waypoint entry window (see Figure 4 ) for inputting information under lateral and vertical revision.
2. Both the left and right LSKs as part of the current generation of MCDUs should be replaced with soft keys with descriptive function labels, positioned at the left and right sides of a larger MCDU display, and integrated with touch-screen technology. Depending on the current status of the MCDU interface, these soft keys could be touched for page switching or other common function activation applicable to various modes of MCDU operation.
3. Icons or soft buttons labeled with different page name abbreviations should be positioned at the bottom of the MCDU display across all pages and should be selectable with a touch screen. This could allow for rapid selection without requiring navigation through page hierarchies or orderings.
4. Menus presenting MCDU function groupings according to different phases of flight should also be provided to allow for more task-oriented use of the interface by pilots.
5. All functions presented through the MCDU interface should be activated explicitly, except for waypoint text input boxes, which should allow pilots to replace or modify existing waypoint identifiers by entering new text. In addition, during en-route flight, the waypoint that the aircraft is currently flying toward should be highlighted as a form of status feedback (in text and graphical forms) to enhance pilot situation awareness (SA).
MCDU Usability Inspection
In addition to the review of literature regarding the use of DM and GUIs for improving usability of interactive aviation systems, specifically the MCDU, we conducted a usability inspection of the MCDU to identify usability issues. Usability inspection methods are nonempirical, heuristic-based techniques that rely on judges and evaluators for predicting the kinds of problems that users may experience with an interface. They have been shown to be cost-effective and reliable ways of evaluating usability of interactive systems (Virzi, 1997) . Inspection methods vary on the basis of the characteristics of judges, the number of judges, and the goal of the usability inspection. A user-expert review was conducted, which required judges to act as surrogate users to critique the interface. This technique is similar to heuristic analysis, which provides nonexperts with a short list of usability principles against which an interface is compared. Usability expert reviews use the same technique except that the judges are human factors professionals. Experts are often recommended for usability inspection over nonexperts because studies have shown that human factors specialists are better at predicting problems than nonexperts (Desurvire, Lawrence, & Atwood, 1991 , cited in Virzi, 1997 .
Some issues commonly raised concerning usability inspections include the accuracy of the evaluation from a design perspective and the conclusiveness of results if novice users act as judges versus experts and if usability experts act as judges versus actual users (e.g., pilots). Of course the selection of judges for an inspection should be based, in part, on who the system is to be designed for and the judges' abilities to identify usability problems. Like participatory design, which involves users in the interactive system design cycle, involving users in system usability inspections can serve to refine the system design needs on the basis of user knowledge of the operating context. Further, user involvement in the inspection may promote acceptance of the final system design or a design revision if changes are considered acceptable to a user. However, in cases in which access to domain experts is limited (e.g., recruiting captains of advanced commercial aircraft for cockpit EDU and MCDU analysis), documentation on user-performance problems during operations of existing systems can be considered evidence of usability problems. This information can be integrated with human factors expert evaluations to develop a more complete assessment of system usability. Finally, inspections based solely on human factors expert evaluations usually provide significant insight into usability problems because of the level of expert knowledge of usability principles and paradigms in comparison with nonhuman factors experts, and possibly domain experts. An optimal approach to usable MCDU design would involve participatory design and, specifically, a comprehensive user analysis conducted by HCI experts to understand system functional problems and ease of use issues.
Beyond the type of evaluator, the literature also suggests that 3 to 12 experts should be used for an inspection (lower numbers for use of usability experts and higher numbers for nonexperts; Virzi, 1997) . Some references offer that approximately 5 expert usability evaluators can identify about 75% of known usability problems in test applications (Dix et al., 1998; Nielsen, 1994) . Other research has shown that as few as 3 experts working for a limited time duration (a 1-hr evaluation of an interactive voice-response system) can produce a 70% problem detection rate, on average (Dumas, Sorce, & Virzi, 1995) . System complexity should also be considered in determining the number of judges to use because more complex systems, such as the MCDU, may require more experts for effective coverage of usability problems.
The present usability inspection involved 7 human factors specialists who participated in a group expert evaluation of the MCDU and its functions. 3 judges were working toward masters degrees in industrial engineering with specialization in ergonomics, 3 were working toward PhD degrees, and 1 held a PhD, all in industrial engineering with specialization in human factors and ergonomics. Only human factors specialists in the field of industrial engineering were consulted because the inspection was a project as part of a graduate engineering course on advanced human factors and HCI. The course was offered through the industrial engineering program at Mississippi State University and the prerequisites included an undergraduate engineering degree from an accredited institution, as well as a graduate course in human factors engineering. The human factors experts evaluated the system on the basis of basic usability principles. The review focused on three major categories of usability including learnability, flexibility, and robustness. Each of these categories includes various other heuristics and principles to which the MCDU was compared for identification of usability problems.
To begin, judges were asked to observe and discuss a hypothetical flight task involving programming a three-waypoint flight path with a computer-based simulation of an MCDU based on the actual system design for the MD-11 (see Figure 5) . The task included use of the simulated MCDU keypad, the LSK keys, and the page mode key to program the flight plan. Judges also observed the use of several MCDU display pages, such as the active flight plan page, the verticalrevision pages (1 and 2), and the duplicate page in programming the task. Following observation of the task, the judges were required to participate in the group expert review. They were asked to evaluate features of the MCDU to determine if specific usability principles were violated. The principles and paradigms of usability evaluated by the human factors judges were those presented by Dix et al. (1998) as being critical to supporting interactive system learnability, flexibility, and robustness. The principles were also similar to those identified by Nielsen (1994) for heuristic evaluation. Learnability is supported or affected by other principles such as predictability, synthesizability, familiarity, generalizability, and consistency. System flexibility is dependent on dialog initiative, multithreading, task migratability, substitutivity, and customizability. Finally, system observability, recoverability, responsiveness, and task conformance affect robust-ness (see Dix et al. [1998] , pp. 162-175 for a complete description of each of these aspects of usability).
In general, the judges concluded that the MCDU violated several of the principles supporting all three major categories of usability. The results of the usability inspection are summarized here on the basis of each major category.
Learnability. In terms of learnability (the ease with which new users can begin effective interaction with the system and achieve measured performance), the human factors specialists noted that the MCDU design and functionality failed to use a design metaphor. The judges felt that the lack of a global metaphor may add to the difficulty for less experienced pilots in learning to use the MCDU for flight planning and in developing a good mental model of the MCDU in terms of their existing understanding of aircraft systems.
Judges stated that the MCDU functionality was complex, requiring many user actions for even simple tasks (e.g., deleting a waypoint). They observed that the system did not support consistency in task performance, as similar tasks can be completed with the MCDU interface in different ways. This lack of consistency may limit pilot ability to generalize specific interaction behaviors with the device to other novel tasks with the FMS.
The judges stated that the MCDU failed to exploit user system familiarity; that is, a user's experience or existing knowledge of other similar systems and the knowledge required for effective interaction with the MCDU. This may limit pilot ability to rely on experience with other computerized systems when using the MCDU. The system was found to provide very few "walk-up-and-use" features, which can increase a user's ability to operate a system in the absence of extensive training. (Experts did note, however, that in such a complex system there would be limited capability to incorporate features that afford guessability often found in walk-up-and-use designs.)
A lack of synthesizability was also identified. Synthesizability involves support for users to assess the effects of past operations on the current system state. The human factors specialists noted that the MCDU failed to provide feedback to the pilot on input to the system. For example, a pilot must often use other cockpit displays, such as the navigation display or the primary flight display, to determine the outcome of his or her control actions through the MCDU.
Flexibility. Experts felt that the MCDU design violated the supporting aspects of flexibility (the multiplicity of ways a user and system can exchange information), including lack of multithreading, low customizability, and limited dialog initiative. The MCDU was found to not support concurrent or interleaved multithreading of multiple task performance.
The MCDU is essentially a command-line interface, which poses high user workload in remembering commands and provides virtually no customizability for preferred pilot interaction styles. Further, the MCDU is system preemptive; that is, it initiates dialog with the user and the user simply responds to requests for information. This limits the pilot in terms of how and when he or she may initiate actions through the use of the system. The user is also unable to adjust the form of input and output. This further limits flexibility because the interactivity of the MCDU is not adaptable to user expertise level.
Robustness. Experts agreed that the MCDU did in some ways conform to aspects of usability supporting system robustness-the level of support provided to the user in determining successful achievement and assessment of task goals. The MCDU appeared to support the tasks required of the pilot for programming a flight path in terms of availability of functions. However, the human factors experts observed that the MCDU sometimes functions in a manner that could lead to pilot confusion. Although the pilot can invoke all functions, it is not always clear how to access or enter these functions. For example, a pilot cannot navigate directly through successive pages of the MCDU in series except when moving to and from active flight plan pages 1 and 2 with the page mode key. To access other pages for recording flight information or data on a particular waypoint, such as the vertical-and lateral-revision pages, the pilot must return to an active flight plan page before navigating to one of these pages. This causes low observability of the system state and limits pilot capability to evaluate the internal state of the system. The MCDU was found to not provide many default options to the pilot to assist in his or her recall of appropriate task actions or commands; similarly, the human factors specialists noted limitations in the ability to recover from errors made with the device. The MCDU does not support forward error recover, which is the acceptance of the current state of the system and negotiation from that state to a desired state. The MCDU only allows for backward recovery through the use of the clear key. Lack of forward recovery can lead to difficulties in making changes to, for example, a lengthy flight plan or fixing several mistakes.
The human factors experts categorized the MCDU as an indirect manipulation system, as it does not display aircraft state changes that occur as a result of pilot input actions. This results in a lack of system transparency and perceived responsiveness of the MCDU to pilot interface actions. The MCDU itself does not provide pilots with instantaneous feedback or provide any message or feedback to indicate that a flight plan selection or change has been accepted or implemented. For example, a pilot may input several waypoints and their associated flight parameters (e.g., speed and altitude) as part of a flight plan but cannot verify the correctness or appropriateness of his or her entries until the aircraft is physically close to a particular waypoint and other onboard displays (e.g., navigational display or flight mode annunciator) indicate the status of the airspace.
Summary of MCDU Redesign
In considering and presenting recommendations for MCDU design changes, the human factors experts were asked to identify aspects of human information processing critical to completing tasks with the device. The experts listed the following as critical to pilot-system interaction: (a) capabilities and limitations of working memory, (b) attentional resource allocations, (c) visual and auditory perception, (d) experience with the MCDU and level of pilot expertise, and (e) pilot SA. Experts were then asked to recommend potential changes to the MCDU design on the basis of these human information processing needs to improve the learnability, flexibility, and robustness of the device.
Many of the recommended changes to the MCDU design offered by the human factors experts were related to the incorporation of DM in system interaction and, in many ways, the expert opinions paralleled guidelines and recommendations found in the HCI literature. Experts suggested providing a GUI incorporating menus to facilitate ease of flight-plan programming in the MCDU. This type of interface may be used to increase the capability for multithreading in task processing. It is similar to other computer applications and may increase the familiarity of the MCDU for novice pilots and decrease the amount of time required to learn how to use the system.
As did the literature review, experts suggested that presenting a graphical representation of flight pages and flight paths (e.g., waypoints and routes) to a pilot might increase usability. They stated that the pilot through DM of objects could revise flight plans. In addition, alternate flight paths could be presented and identified by distinct colors for review, selection, and possible revision.
Other MCDU redesign recommendations based on the usability inspection included the following:
1. To improve pilot-system communication and browsability of the system, a hierarchical representation of all flight pages should be provided so a pilot can select and review any page in an efficient manner. This may facilitate user preemptive interaction because a pilot could decide where (on which page) interaction with the system would begin.
2. To ensure pilot awareness of current aircraft status and the mode of operation of all buttons and keys, mode indicators should be provided on the MCDU pages. This may help to reduce the occurrence of "automation surprises."
3. The physical layout of the MCDU keypad and number pad should be altered to resemble common computer-based devices (e.g., conventional keyboard). For, example a QWERTY keyboard configuration could be used to present alphabetic keys and the 12 mode keys of the MCDU could be associated with the 12 function keys on a conventional PC keyboard.
4. To increase customizability of pilot-MCDU interaction and decrease memory requirements associated with recall of textual command strings, hotkeys should be provided on the keyboard and keypad. The function for the keys should be definable by a pilot.
5. A reset key or button should be provided on the MCDU to return the system to default values in case of mistakes or extensive flight path revisions.
The commonalities among these recommendations and those summarized in Table 1 , on the basis of the literature review, lend support to the effectiveness of using human factors experts for usability inspections of interactive systems used in complex task domains. In general, the usability inspection revealed the majority of usability problems with the MCDU identified by the literature review of empirical aviation automation research, including studies with actual commercial pilots.
FUTURE RESEARCH
Future empirical research on interface design of the MCDU supporting DM through GUIs is needed and can be structured on the basis of T. S. Abbott's (1997) research. The investigation of the effects of the graphical MCDU, proposed by Abbott, on pilot training and performance should be extended to include examination of more DM design features in the MCDU interface (e.g., those recommended previously) on the basis of the HCI literature review and the usability inspection. In addition to the features provided by the graphical MCDU, characteristics including (a) the computer-generated map for waypoint selection (MAP), (b) replacement of LSKs with labeled soft keys (KEY), and (c) use of abstract icons for page and function/phase-of-flight selection (ICON) are hypothesized to have a significant impact on the usability of the MCDU, specifically minimizing semantic distance, maximizing feelings of direct engagement, and reducing training efforts.
Other features that should be examined for pilot performance and SA effects on the basis of the expert usability inspection of the MCDU include (a) mode indicators for improving system state awareness (MODE), (b) a reduced-size conventional keyboard layout to increase ease of textual data entry (QWERTY), and (c) the use of hotkeys to improve customizability of pilot interaction (HOTKEY).
Study of pilot performance and SA effects of these and other interface features may advance MCDU design knowledge and potentially reduce aviation automation issues in commercial aircraft flight. Numerous airliner accidents and incidents have been attributed to flight deck automation issues including (a) pilot overconfidence in the use of the FMS; (b) overtrust or complacency in automated flight control; (c) loss of SA because of poor MCDU information displays; (d) a lack of understanding of the underlying functionality of the FMS; and (e) high workload induced by FMS monitoring. (see Funk & Lyall's [1999] flight deck automation issues database). Some of these issues contributed to tragic crashes including AA Flight 965 in Cali, Colombia and Thai Airways International Flight TG 311 in Nepal in 1992. According to the National Transportation Safety Board (NTSB), these accidents were similar in nature and had similar causes, primarily pilot difficulty in inputting information into the FMS and confusion in FMS-assisted navigation (Aeronautica Civil of the Republic of Colombia, 1996; Aircraft Accident Investigation CommitteeNepal, 1992; NTSB, 1996) .
In the B757-223 crash in Cali, several characteristics of the FMS and MCDU were implicated, including (a) the automatic removal of flight path waypoints programmed into the FMS as a result of pilot reprogramming of the path as part of an approach revision, (b) differences in the presentation of the approach to Cali among the airplane's FMS database and the actual flight charts, (c) lack of graphical presentation of terrain through FMS-generated displays, and (d) little information provided on the underlying logic of the FMS (NTSB, 1996) . These characteristics compromised pilot SA, caused confusion in navigation tasks, increased workload, and compounded the negative effects of pilot overreliance on the FMS for navigation purposes (Aeronautica Civil of the Republic of Colombia, 1996) . Some of the MCDU design recommendations made as part of this work with the objective of promoting usability may address FMS problems revealed by the AA Cali accident. They include presenting moving map displays through the MCDU with directly selectable and modifiable waypoints and ensuring that pilots have multiple channels through which to accomplish navigation tasks with the MCDU. In addition, the integration of soft-key functions and visual interfaces in MCDU displays, as well as in-cockpit pointing devices, could promote accuracy in pilot selection of waypoints while reprogramming flight paths. Unfortunately, another cause of the Cali accident was pilot error in selecting a waypoint from a duplicate page in the MCDU by using a single-letter identifier. With early MCDUs, access to waypoints with identical identifiers at different distances from the aircraft is accomplished by typing the full waypoint name with the MCDU keyboard. This is an error-prone entry method under high-workload circumstances and could be improved by the use of, for example, DM of MCDU interface objects or the application of other usable design paradigms (e.g., multimodal interaction).
The Thai Airways A310 accident in Kathmandu also involved an approach revision and pilot reprogramming of the FMS with the MCDU. During the incident, the aircrew reported having "technical problems concerned with the flight"; specifically, they experienced difficulties in attempting to insert waypoints and other related navigational information into the FMS with the MCDU. It has been observed that the cockpit displays may have been poorly designed (Funk & Lyall, 1999) . For example, FMS-generated displays do not include information on navigational aids that are behind the airplane unless directed to by a flight crew member. Funk and Lyall (1999) stated that over time, if pilots rely exclusively on FMSgenerated displays for navigation, they can lose the ability to quickly determine a fix. Some of the MCDU design recommendations made in this article may address these types of problems, including semantic directness in input interface design and graphical views of airspace sectors for pilot editing of flight paths.
With the previously mentioned hypothesis on new MCDU features in mind and the potential for GUIs to affect pilot-FMS interaction, new empirical studies need to be conducted to validate the MCDU redesign recommendations made here in terms of support for pilot performance. This can be accomplished by developing high-fidelity simulation models of prototype MCDUs, as well as realistic models of current designs of MCDU technology and performing structured usability surveys and tests through designed experiments involving subjectmatter experts (e.g., licensed commercial pilots) to assess the effects of interface changes on pilot performance and satisfaction. Iterative testing should be performed in which only one feature is changed at a time and new prototypes should be compared with existing or baseline designs (e.g., MAP and KEY vs. MAP, KEY, and ICON vs. MAP, KEY, ICON, MODE, etc. vs. baseline designs) . In addition to performance and ease-of-use measurement, such research should examine pilot SA and workload when using soft prototypes of MCDUs designed on the basis of DM and GUI design and usability principles. Information from these analyses should be used to direct iterative evaluation and design toward an optimal MCDU interface. Much of this work would need to be conducted in laboratory settings before exploration in more applied circumstances, such as actual flight-deck environments. However, experiments should involve actual pilots whenever possible to ensure the external validity of results and to ultimately define useful and usable MCDU interfaces from their perspectives. 
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